This paper reports a new chromogenic dye, SBT ( Fig. 1) , which has an o-tolidine core structure attached to water-soluble disulfobenzyl groups at the amino functionalities. In contrast to a similar water-soluble o-tolidine derivative having hydroxysulfopropyl pendant groups that we reported earlier, 1 SBT was found to be photostable, particularly as an aqueous solution.
1
SBT was found to be photostable, particularly as an aqueous solution.
Chlorine is used, for example, to disinfect public water supplies but is also known to cause chlorinated byproducts with various organic compounds, which would pose a potential threat to public health. The levels of chlorine present in tap water (residual chlorine), therefore, have to be closely controlled and frequently monitored.
o-Tolidine has been the most popular chromogenic reagent for this purpose, but is no longer used because of its potential carcinogenicity. 2 As the alternative reagent to o-tolidine, N,Ndiethylphenylenediamine (DPD) 3 is currently in use, as approved by the Environmental Protection Agency as a standard method for the colorimetric determination of residual chlorine in tap water. DPD, however, has a disadvantage associated with its aqueous stability, which complicates the assay procedure. SBT was compared in this study with DPD in the sensitivity toward chlorine in water, and its potential as a chromogenic indicator for use in the chlorine determination was examined.
Experimental

Apparatus and reagents
Absorption spectra were taken on a Hitachi U-3000 spectrometer. IR spectra were taken on a Hitachi 270-30 spectrometer. 1 H-NMR spectra were measured on a JEOL JNM ECP-300 spectrometer operating at 300 MHz. Mass spectra were recorded on a JEOL JMS-AX505W FAB-MS spectrometer. Microplate assays were done with a TECAN Spectra Fluor microplate reader. CCK-8 (Cell Counting Kit-8) was from Dojindo Laboratories (Kumamoto, Japan). A stock solution of SBT was prepared as 20 mM SBT in water.
Synthesis
Concentrated hydrochloric acid (0.3 ml) was added to a stirred solution containing o-tolidine (3.0 g, 14.1 mmol) and disodium benzaldehyde-2,4-disulfonate (8.8 g, 28.3 mmol) in methanol (150 ml). The mixture was refluxed overnight. After the mixture was cooled, the crystalline precipitates that formed were collected, washed several times with methanol and dried in vacuo. The precipitates were taken up with water (20 ml), to which was added portionwise sodium borohydride (500 mg, 13.2 mmol); the aqueous solution was stirred at room temperature for 1 h. The solution was concentrated under vacuum (not to dryness); to it was added ethanol to prompt crystallization. Precipitates were collected and dried in vacuo to give 9.6 g (85% yield) of SBT as a slightly yellow crystalline powder. mp: > 300˚C (decomp.); 1 H-NMR (DMSO-d6): δ8.1 
Cytotoxicity assay
A 100-µl aliquot of HeLa cells (Dainippon Pharmaceutical Co., Tokyo, Japan) subcultured at 37˚C in Dulbecco's Modified Eagle's Medium (DMEM, Gibco Laboratories, NY, USA) supplemented with 10% (w/v) fetal bovine serum was placed on each well of a 96-well microplate at a density of ≈5000 cells/well, and the microplate was pre-incubated at 37˚C for 24 h. Reagent solution (10 µl) of various concentrations was added to each well; the microplate was further incubated at 37˚C for 48 h. The medium was replaced with fresh DMEM (100 µl), and CCK-8 (10 µl) was added to each well. After the microplate had been incubated at 37˚C for 2 h, the absorbance was measured at 450 nm with a microplate reader.
Results and Discussion
SBT was readily synthesized, in 2 steps and a good yield, from o-tolidine by Schiff base formation at its amino groups with commercially available disodium benzaldehyde-2,4-disulfonate, followed by sodium borohydride reduction to the corresponding secondary amine. This type of derivatization was found to be useful when incorporating highly water-soluble moieties into amino functionalities. SBT was indeed highly water soluble with a solubility of roughly 0.8 M.
As a model assay system for residual chlorine in water, we first examined the colorimetric response of SBT to aqueous hypochlorous acid (HOCl) because chlorine exists as HOCl when added to water. As shown in Fig. 1 , the color development can be explained as a two-electron oxidation of SBT, a hydrogen donor (DH2), to the oxidized form (D) by HOCl (i.e., DH2 + HOCl → D + H2O + HCl); the developed color was stable at pH 5.2 without a significant decrease of absorbance for 1 h. To HOCl (5 ml) samples at various concentrations (0 -2.0 ppm in water) were added sequentially 3 M acetate buffer (pH 5.2, 60 µl) containing 0.25% (w/v) CyDTA and the SBT solution (30 µl). The absorption spectra were measured immediately (final SBT concentration, 0.12 mM). In the presence of HOCl of various concentrations, SBT was oxidized immediately to give a greenish-blue color (λmax = 675 nm) at pH 5.2, with increasing absorbance that is proportional to the HOCl concentration (Fig. 2) . The acidic pH of 5.2 was optimum for the maximum response; a significant decoloration took place when the pH was raised above 7 (data not shown). There was no significant improvement observed in its sensitivity when higher concentrations of SBT was used under these conditions.
It was also important to compare the aqueous stability of SBT with that of DPD, since DPD is known to be unstable in aqueous solutions with an increase of the background absorption at its λmax. Following the DPD standard method, sodium sulfate (0.5 g) containing 4% (w/w) DPD was added to 0.2 M phosphate buffer (pH 6.5, 2.5 ml) containing 2.6 mM CyDTA. Sample water was then added so that the final volume became 50 ml (final DPD concentration, 1.52 mM), and the absorbance at 510 nm was measured within 1 min. When a 10 mM aqueous solution of SBT was left at room temperature under ordinary room light, no increase in the absorption at 675 nm was observed for at least 7 days, whereas in the case of the DPD standard method, the solution developed a pink color under identical conditions (0.04 o.d. increase at 510 nm for 2 days). A good linearity of the absorbance at 675 nm versus the HOCl concentration was observed in the range 0 to 2.0 ppm, with a correlation coefficient of 0.999 and the detection limit of 0.05 ppm, although the absorbance increased linearly with HOCl concentrations up to 4.0 ppm. The detection range of 0 -2.0 ppm is wide enough to cover residual chlorine levels in tap water and in hot spring water. The sensitivity of this method, 28600 M -1 as determined as ∆A675/∆[HOCl], was about 1.8 times higher than that of the DPD standard method for determining residual chlorine in public water in Japan that employs ≈13 times higher reagent concentration at pH 6.5.
The present SBT method was compared with the standard DPD method in the chlorine determination with 6 different samples of tap water. Both methods gave similar values for the chlorine concentrations that ranged from 0.1 to 0.3 ppm, with a regression equation of y = 1.016x -0.002 where x and y represent the chlorine concentration determined respectively by the DPD or SBT method; the correlation coefficient was 0.972. A good correlation was also obtained in the chlorine determination with 7 different hot spring water samples that were collected independently from hot spring resorts in the Kumamoto area in Japan. Both methods that determine "free available chlorine" (= HOCl), which excludes chlorine bound to amine components ("combined available chlorine"), gave roughly the same value for the chlorine concentration of each sample in the range 0.2 to 1.0 ppm with a correlation coefficient of 0.992. Because not only chlorine concentrations but components and pH values also greatly vary in these samples, we think that the present SBT method can be used with water samples of various origins.
We finally tested the cytotoxicity of SBT using HeLa cells, again in comparison with DPD, as shown in Fig. 3 , where the cells were exposed to each reagent of various concentrations. Cell's viabilities were determined based on a color change caused by the reduction of a tetrazolium salt, CCK-8, by viable cells to yield the corresponding formazan dye. LD50 values for HeLa cells were calculated to be 13.5 mM and 0.05 mM for SBT and DPD, respectively, from each viability curve. It may be due to its high water solubility with four sulfonate groups that SBT is 3 orders of magnitude less cytotoxic than DPD. The presence of those anionic groups is expected to make the molecule cell-membrane impermeable, which tends to lead to a less biological interaction with the cells. In addition, Ames test with S. typhimurium TA98 and TA100 strains revealed that SBT is not mutagenic, which is again in sharp contrast to DPD that showed modest mutagenicity (3.3 × 10 3 rev./mg under identical conditions).
In summary, SBT was found to be a good indicator for chlorine in water with 1.8 times higher sensitivity and the longer absorption wavelength than DPD. In addition, because it is stable in water and much less cytotoxic and has no mutagenicity, SBT allows a more simple and safe assay procedure in the determination of residual chlorine, which is particularly important in monitoring chlorine levels in waterworks management. We believe that SBT also has a potential as a chromogenic indicator for detecting hydrogen peroxide or peroxidase in clinical analyses, which we will report elsewhere.
